Abstract Epigenetics refers to heritable changes in gene expression that are independent of alterations in DNA sequence. It is now accepted that disruption of epigenetic mechanisms plays a key role in the pathogenesis of cancer: culminating in altered gene function and malignant cellular transformation. DNA methylation and histone modifications are the most widely studied changes but non-coding RNAs such as miRNAs are also considered part of the epigenetic machinery. The insulin-like growth factor (IGF) axis is composed of two ligands, IGF-I and -II, their receptors and six high affinity IGF binding proteins (IGFBPs). The IGF axis plays a key role in cancer development and progression. As IGFBP genes have consistently been identified among the most common to be aberrantly altered in tumours, this review will focus on epigenetic regulation of IGFBP-3 in cancer for which the majority of evidence has been obtained.
Epigenetic modifications
Epigenetic mechanisms are required for normal development in mammals that enables cells to respond and adapt dynamically to changes in their environment. Unfortunately disruption of epigenetic mechanisms plays a key role in the pathogenesis of cancer: culminating in altered gene function and malignant cellular transformation. The particular advantage with regard to epigenetic changes is that they are potentially reversible, in contrast to irreversible genetic mutations. This has huge implications relating to the prevention, diagnosis, and treatment of cancer and other diseases: and therefore represent potential targets for therapy. The two epigenetic modifications that have been most studied are: chemical modifications to the cytosine residues of DNA (DNA methylation) and modifications to histone proteins associated with DNA (histone modifications) (Jenuwein and Allis 2001; Lo and Weksberg 2014) (Fig. 1) .
DNA can be modified by methylation of cytosine bases by enzymes called DNA methyl-transferases (DNMTs): DNMT1, DNMT2 and DNMT3 families. Methylated DNA predominantly inhibits gene expression, as it attracts methyl cytosine binding proteins that promote chromatin condensation into transcriptionally repressive conformations (Miranda and Jones 2007) . Genomic DNA is packaged around histones to form a complex called chromatin. A unit of chromatin, known as a nucleosome, is composed of 146 base pairs of DNA wrapped around an octamer of four core histones (H2A, H2B, H3, and H4). With amino-terminal tails extending from the globular region of the histones, they also undergo a number of different covalent modifications, including methylation, acetylation, phosphorylation, ubiquitination, and sumoylation (Marino-Ramirez et al. 2005) . Histone modifications can have different outcomes that are dependent upon the type and the location of the modification on the histone and in contrast to DNA methylation can be activating or inhibiting. The most widely reported histone modifications are acetylation and methylation (Lakshmaiah et al. 2014) . Changes in the acetylation of histones are mediated by enzymes called histone acetyl transferases (HATs) and histone deacetylases (HDACs). Acetylation of the lysine residues of histones enables an open chromatin structure, whereas deacetylation induces a closed chromatin conformation that results in the inhibition of transcription (Grunstein 1997) . Histones are not the only proteins that interact with DNA in chromatin. RNAs especially non-coding RNAs such as miRNAs are known to play several roles in the control of chromatin structure (Yang et al. 1839 ). MiRNAs are approximately 22 nucleotide noncoding RNAs, that regulate gene expression through posttranscriptional silencing of target genes. Sequence-specific base pairing of miRNAs with 3' untranslated regions of target messenger RNA within the RNA-induced silencing complex culminates in the degradation of target messenger RNA or the inhibition of translation (He and Hannon 2004) . MiRNAs are expressed in a tissue-specific manner and control a wide array of biological processes including cell proliferation, apoptosis and differentiation. Zhang B (2007) elegantly reviewed the impact of miRNAs in the pathogenesis of cancer with examples of how they can act as oncogenes or tumour suppressor genes: like normal genes miRNAs can also be subject to epigenetic regulation or affect epigenetic mechanisms (Zhang and Pan 2007) (Zhang et al. 2007 ).
The insulin-like growth factor (IGF) axis
The IGF axis is composed of two ligands IGF-I and IGF-II, their receptors and a family of six high affinity IGF binding proteins (IGFBPs). The cellular effects of the IGFs are mediated by a number of cell surface receptors including the type I and type II receptors, the insulin receptor and insulin receptor-IGF-I receptor hybrids. Both IGF-I and IGF-II can mediate their actions on cell growth and survival via the IGF-IR, which is a transmembrane, tyrosine kinase that is structurally and functionally homologous to the insulin receptor. IGF-I can act via the insulin receptor but only at supraphysiological doses (LeRoith et al. 1995) . IGF-II can bind with high affinity to the IGF-II receptor/mannose-6-phosphate receptor, a non-tyrosine kinase receptor considered to play an important role in the clearance and degradation of IGF-II. There are six high affinity IGFBPs that all have greater affinity for binding to the IGFs, than the IGF-IR, and can modulate IGF actions in many cell types. The IGFBPs slow the clearance of the IGFs, particularly IGFBP-3 and IGFBP-5, which also bind to a glycoprotein called the acid labile subunit (ALS) forming ternary complexes which have very long half-lives in the circulation. It is these complexes that maintain very high concentrations of IGFs in the body. IGFBP-3 is the main IGFBP found in human serum and has the potential to either inhibit or enhance IGF actions in many cell types: IGFBP-3 can restrict tumour growth and progression by limiting IGF-mitogenic and cell survival actions. The actions of many anti-proliferative agents appear to operate, at least in part, via upregulation of endogenous IGFBP-3 produced by the tumour cells including the tumour suppressor gene, p53 (Buckbinder et al. 1995) , transforming growth factorbeta (TGF-beta) (McCaig et al. 2002a) , retinoids (Gucev et al. 1996) , vitamin D (Colston et al. 1998) , the anti-estrogen, Tamoxifen (Huynh and Pollak 1994) and the fatty acid, butyrate (Collard et al. 2003) .
Accumulating evidence indicates that most of the IGFBPs can also act in an intrinsic manner, independent of IGF-binding, affecting various aspects of cell function in both a positive and negative manner. There are a number of theories as to the mechanisms underlying the intrinsic actions of IGFBP-3 and these have been extensively reviewed recently (see (Baxter 2014; Johnson and Firth 2014) Structure of the IGFBP-3 gene (Cubbage et al. 1990 ) characterized the IGFBP-3 gene and promoter. The authors reported that the IGFBP-3 gene spans approximately 8.9 kb of chromosomal DNA that contains five exons (exon 1 is 535 base pairs (bp) long, exon 2: spans 227 bp, exon 3: spans 120 bp, exon 4 141 bp and exon 5 1482 bp) and four introns. The IGFBP-3 gene has a classic CpG island that is 850 bp in length and is made up of exon 1 and 250 bp of DNA immediately 5' to exon 1 enabling it to be amenable to epigenetic modifications. Cubbage et al. further delineated that the IGFBP-3 promoter contains a single cap site, a TATA box, an upstream promoter element and each is located in a CpG island that spans the promoter region and first exon (Cubbage et al. 1990 ).
Evidence for epigenetic alteration of IGFBP-3 in cancer
The IGF axis plays a key role in cancer development and progression. IGFBP genes have consistently been identified among the most common to be aberrantly altered in tumours and this review will focus on epigenetic regulation of IGFBP-3 in cancer, the IGFBP for which the majority of evidence has been obtained. The most studied cancers in relation to epigenetic modulation of IGFBP-3 are lung and liver but there are additional reports in other cancers including ovarian, melanoma, breast, bladder, prostate and gastric.
Lung cancer: patient samples Chang et al. in 2002 performed one of the first studies investigating the association of DNA methylation of the IGFBP-3 promoter in relation to non-small-cell lung cancer (NSCLC) prognosis. They identified 83 patients with pathological stage 1 NSCLC who had undergone curative surgery. Using bisulfite modification followed by methylation-specific PCR (MSP) they found that patients with a hyper-methylated IGFBP-3 promoter, compared with those without, exhibited a reduced 5 year disease-specific survival rate (53.1 % compared to 86.1 %), a reduced disease-free survival rate (36.5 % compared to 76.2 %) in addition to a reduction in overall survival rate (38.9 % versus 64 %) (Chang et al. 2002) . In 2004 the same researchers also assessed the methylation status of IGFBP-3 in tumour tissue at different stages. With stage 1: 16 of the 23 specimens were positive, for stage 2: 7 of the 9 were positive, for stage 3: 8 of 11 and for stage 4: 6 out of 6 were positive for methylated IGFBP-3. These data suggested that more advanced disease was associated with increased incidence of IGFBP-3 promoter methylation (Chang et al. 2004) . (Pernia et al. 2014 ) using 40 NSCLC patients who were treated with chemotherapy with or without radiotherapy determined that patients with an unmethylated IGFBP-3 promoter would do better with chemotherapy alone as opposed to the combination therapy (Pernia et al. 2014 ).
Cell line studies
In 2004 (Chang et al. 2004 ) performed further investigations using NSCLC cell lines representing different stages of the disease and also using tumour tissue to confirm if hypermethylation of the IGFBP-3 promoter did culminate in a loss of IGFBP-3 abundance. They found that IGFBP-3 was methylated in 7 of 13 cell lines examined and of these 7 the level of IGFBP-3 mRNA and protein only correlated to the level of DNA methylation in some instances. The authors treated the 7 cell lines that contained a methylated IGFBP-3 promoter with a de-methylating agent called 5'-aza-2'-deoxycytidine (5'-aza-dC), AZA. They observed that IGFBP-3 re-expression only occurred in 4 of the 7 cell lines and they concluded that many mechanisms may be involved in regulating IGFBP-3 in these cell lines. Cisplatin-based chemotherapy is the mainstay treatment for NSCLC: unfortunately as with other types of cancers, cells can develop drug resistance. Drug resistance against cisplatin has in part been attributed to epigenetic silencing of genes necessary to enable chemo-sensitivity. In 2010 Ibanez de Caceres et al. performed a microarray expression screening to compare the genetic profile in cisplatinresistant with cisplatin sensitive cell lines following epigenetic manipulation in an attempt to identify key genes that might be involved (Ibanez de Caceres I et al. 2010 ). The authors found that the promoter of only one gene, IGFBP-3 was specifically methylated in cisplatin-resistant cells and IGFBP-3 was re-expressed upon treatment of these cells with AZA. Other genes were modified indirectly in an epigenetic manner. Furthermore silencing IGFBP-3 in the cisplatin-sensitive cells induced chemo-resistance suggesting that IGFBP-3 mediated cisplatin-induced chemo-sensitivity (Ibanez de Caceres I et al. 2010) . Furthermore in 2014 the same group reported that radiation had the potential to sensitise cisplatin-resistant cell lines via IGFBP-3 demethylation (Pernia et al. 2014) . A tobacco carcinogen called NNK, a chemical inducer of lung cancer, was administered to normal lung epithelial cells and tumorigenic derivatives: it increased their growth and this was mediated by down-regulating IGFBP-3 via increased DNA methylation. Conversely over-expressing IGFBP-3 in one of the NNK chemically-induced cancer cells resulted in cell death, suggesting that IGFBP-3 acts as a tumour suppressor and so is down-regulated by DNA methylation to promote cancer progression (Harada et al. 2013 ).
Liver cancer: patient samples Following bisulfite-PCR-restriction analysis on the promoter region of IGFBP-3 in the same samples, they identified that reduced IGFBP-3 expression in 4 of the 12 samples was the result of DNA hypermethylation (Hanafusa et al. 2002) . In 2012 Regel et al. studied the role of IGFBP-3 methylation in hepatoblastoma (HB) and embryonal liver tumour that occurs in early childhood. They found that IGFBP-3 mRNA levels are reduced in HB cases compared to normal liver controls in 26 out of 36 samples. They also detected reduced levels of IGFBP-3 in 6 out of 9 pediatric HCC cases (Regel et al. 2012) .
Of the HCC cell lines: HEPG2, HEP3B, PLC/PRF/5, HLE and HuH-7, only HEPG2, HEP3B and HuH-7 (Hanafusa et al. 2002) showed reduced expression of IGFBP-3. Treatment with AZA caused re-expression of IGFBP-3 in HEPG2 cells in which the IGFBP-3 promoter was methylated, but not in HuH-7 cells that expressed unmethylated IGFBP-3. One of the major regulators of IGFBP-3 is the tumour suppressor gene p53: IGFBP-3 possesses 11 p53 consensus binding sequences upstream of the IGFBP-3 promoter (Hanafusa et al. 2002) . In 2005 Hanafusa et al. showed that 4 of these 11 p53 consensus sequences were critical for p53-induced IGFBP-3 production and that hyper-methylation of these sequences was a mechanism in these cells for suppressing p53-induced IGFBP-3 production (Hanafusa et al. 2005) . Current evidence suggests that hepatitis B virus (HBx) protein plays a key role in the pathogenesis of HBv-induced HCC by promoting the progression through the cell cycle for example by binding to and inhibiting the expression of p53 tumour suppressor genes (Kew 2011). Park et al. (Park et al. 2007 ) investigated the impact of transfecting The Chang Liver (CHL), HEPG2 and HuH-7 HCC cells with an HB-x-expressing construct. They found that IGFBP-3 expression was reduced in each of these cell lines and IGFBP-3 was re-expressed upon treatment with AZA, suggesting that HBx caused IGFBP-3 down-regulation through DNA methylation. They showed further that this was mediated by the DNA methyltransferases (DNMT) DNMT3A1 and DNMT3A2 (Park et al. 2007 ). In 2012 Regel et al. found that IGFBP-3 was completely methylated in all 4 cell lines examined: HuH6, HepT3, HepT1, HepG2, HuH-7 and following AZA treatment was reexpressed. They also used a histone deacetylase inhibitor Trichostatin A, which similarly induced re-expression of IGFBP-3 to the same degree (Regel et al. 2012) . The involvement of histone deacetylation in repressing IGFBP-3 production was similarly observed by (Lin et al. 2011) , where using HepG2 cells, an HDAC inhibitor (MS-275), induced IGFBP-3 expression by increasing the binding of acetylated histone H3 to IGFBP-3 promoter sequences. Both of these studies suggest that in HCC cell lines suppression of IGFBP-3 occurs by both DNA methylation and histone deacetylation (Lin et al. 2011 ).
Other cancers
Ovarian cancer: patient samples Wiley et al. (2006) assessed the methylation status of 6 key genes thought to be important in the pathogenesis of ovarian cancer (p16, breast cancer 1 BRCA1, IGFBP-3, glutathione Stransferase pi1 (GSTP1) and ERα and human MutL homologue (hMLH1)) in ovarian tumours using methylationspecific PCR (MS-PCR) but were unable to identify a 'methylator phenotype'. However, they did observe that the frequency of methylation of IGFBP-3 was much higher in the 215 malignant tumours (44 %) compared to the 19 nonmalignant (26 %) (Wiley et al. 2006a ). They further determined that this was associated with disease progression and death and more marked in patients with early stage disease. The authors suggest that IGFBP-3 promoter methylation status may be a useful prognostic marker for disease progression and death in early-stage ovarian cancers (Wiley et al. 2006b ).
In 2009 Torng et al. found that among 40 ovarian endometriod cancer (OEC) samples higher IGFBP-3 methylation was associated with reduced abundance of IGFBP-3 and higher histological grade. Cox regression analysis revealed that low IGFBP-3 expression was associated with lower progression free survival and lower overall survival (Torng et al. 2009 ).
Skin cancer: patient samples (Dar et al. 2010 ) identified significant methylation observed in primary malignant melanoma samples (n=36) compared to the benign nevi (n=26) (Dar et al. 2010 ). Oy et al. (Oy et al. 2010 ) performed methylation-specific real time PCR (MSP) on 5 melanoma patient samples that were IHC positive for IGFBP-3 and 6 that were negative. IGFBP-3 methylation was observed in 2 of the 5 positive and in 5 of the 6 negative suggesting that IGFBP-3 methylation is one mechanism that exists in malignant melanoma cell lines and in patient samples (Oy et al. 2010) .
Cell line studies
Early work performed by (Fraga et al. 2004 ) used cell lines from the mouse skin multistage tumour progression model in addition to 15 primary mouse skin tumours. Using the cell lines they identified IGFBP-3 as a methylation-positive gene in this mouse model. Furthermore, this result was validated in mouse tissue and the frequency of methylation appeared to increase with tumour stage: the promoter of the IGFBP-3 gene was unmethylated in five papilloma samples but was methylated in 2 of 5 (40 %) squamous carcinoma and in 4 of 5 (80 %) spindle carcinomas (Fraga et al. 2004) . These data from a mouse model were later confirmed in a number of human melanoma cell lines. (Dar et al. 2010 ) determined that there was low expression of IGFBP-3 in a range of melanoma cell lines (WM3211, DO4, WM1205, MaMel71, MaMel144a1 and C8161.9) in comparison to normal melanocytes. Treating the cells with AZA induced re-expression of IGFBP-3 in most of the cell lines and subsequent ChIP analysis revealed that this was accompanied by an enrichment of acetylated histones H3, H4 and H3 di-and tri-methylated lysine 4 close to the IGFBP-3 transcription start site. Bisulfitemodified PCR analysis confirmed that IGFBP-3 was methylated in most of the cell lines (Dar et al. 2010 ). To determine a potential role of IGFBP-3 in melanoma, IGFBP-3 was overexpressed in cell lines: this resulted in growth inhibition, apoptosis, reduced colony formation and invasion (Dar et al. 2010) . Another study found similar findings: Oy et al. (Oy et al. 2010) examined The Wistar Melanoma cell lines and the FEMX-1 and LOX cell lines. Seven of the 10 cell lines expressed negligible IGFBP-3 and DNA methylation of the IGFBP-3 promoter was responsible in approximately half of cases (Oy et al. 2010 ).
Urological cancers: patient samples
In relation to renal cancer, Ibanez de Caceres et al. (2006) examined the methylation status of the IGFBP-3 gene in tumour samples (32 primary renal tumours) and observed that the IGFBP-3 promoter was methylated in 37 % of tumour DNA (Ibanez de Caceres I et al. 2006) . In contrast, a study that selected samples from 90 patients with clear cell carcinoma and 20 normal kidney samples, did not observe that hypermethylation of IGFBP-3 was a common event (Christoph et al. 2006a) . Christoph et al. (2006) performed MSP on tissue samples obtained from 110 patients with bladder tumours and 20 patients with no urological cancers. Hyper-methylation of the IGFBP-3 promoter in tumour samples was common (66 %) but not in the normal samples. In addition, IGFBP-3 methylation levels enabled the differentiation between tumours with higher risk of recurrence from lower risk tumours (Christoph et al. 2006b ), (Ohashi et al. 2012 ) investigated the methylation status of the IGFBP-3 promoter in 80 samples of biliary tract carcinomas and found that it was hyper-methylated in 41 % of cases (Ohashi et al. 2012 ) . Perry et al. as developed an in silico strategy to globally identify targets of promoter hypermethylation in prostate cancer. One target IGFBP-3 was found to be methylated in 49/79 primary prostate adenocarcinoma samples, and in 7/14 adjacent pre-invasive high-grade prostatic intraepithelial neoplasia (PIN). However, it was only observed in 5/37 benign prostatic hyperplasia and in 0/39 histologically normal adjacent prostate tissue (Perry et al. 2007 ).
Cell line studies
Ibanez de Caceres et al. (2006) using the renal cancer cell lines 786-0, ACHN, HRC51 and HRC59 determined that methylation of IGFBP-3 was only observed in cancer cell lines as opposed to normal cell DNA.
Breast cancer: cell line studies
In relation to another hormone responsive cancer, breast cancer, in vitro data indicated that AZA increased the expression of IGFBP-3 in a range of breast cancer cell lines (MCF-7, T47D, HS578T & MDA-MB-231) and promoted growth inhibition and apoptosis. Silencing AZA-induced IGFBP-3 indicated that IGFBP-3 played a key role in the actions of AZA in these breast cancer cell lines ).
Gastric cancer: patient samples (Gigek et al. 2010 ) assessed the methylation status of IGFBP-3 in 94 adenocarcinoma samples and in 43 normal gastric mucosa samples. The methylation frequency between the cancer and normal samples was similar 95.7 and 97.7 % respectively so this was not a viable method of distinguishing between the sample types. Interestingly the methylation status of IGFBP-3 did not relate to the tissue levels of IGFBP-3. Immunohistochemistry on 54 gastric cancer and 20 normal samples revealed that IGFBP-3 abundance was significantly greater in the tumour than the normal samples and that this assessment of IGFBP-3 may be more relevant and informative as a marker of malignancy (Gigek et al. 2010) .
Targeting
There are many classes of drugs that inhibit DNA methylation; 5-Azacytidine and Zebularine that are cytidine analogs and integrate into the DNA (Momparler 2005; Santi et al. 1984) . There are also anti-sense oligonucleotides that have been developed such as MG98 that binds to the 3' untranslated region of DNMT1 which blocks transcription of the gene (Amato 2007) , in addition to agents designed to inhibit histone acetylases (HATs) and deacetylases (HDACi). These drugs are designed to have a global effect: as opposed to specifically targeting one molecule, such as IGFBP-3 and so attempts to optimise current agents and develop new ones is ongoing particularly in terms of trying to increase specificity and reduce toxicity. In an effort to overcome these issues these agents are being tested in combination with established cancer drugs such as chemotherapeutics (see review (Heerboth et al. 2014) ). Overall it appears that in the majority of cancers IGFBP-3 promoter methylation and/or de-acetylation is associated with disease progression as its re-expression as demonstrated from in vitro data suggest that IGFBP-3 predominantly acts to inhibit growth, induce apoptosis and reduce migration and invasion. Therefore, epigenetic manipulation of IGFBP-3 may be a potential way forward in the management of certain cancers: however, the ability to achieve this effectively is not straightforward for a number of reasons. IGFBP-3 has both IGF-dependent and independent actions and its epigenetic reexpression may be of potential benefit by inhibiting tumour growth both by intrinsic IGF-independent actions and by blocking the mitogenic and survival actions of IGFs. However both in vivo and in vitro data provide evidence that IGFBP-3 can exert both positive and negative effects on cell function. Using breast cancer as an example, in vivo studies suggest that high levels of IGFBP-3 are associated with a poor prognosis, whereas the epidemiology studies relating to circulating concentrations have reported both positive and inverse associations of IGFBP-3 with breast cancer (see review (Perks and Holly 2008) ). In vitro studies have reported that breast cancer cells can respond both in a positive or negative manner to IGFBP-3, which appears dependent upon changes in the extracellular matrix (ECM) (McCaig et al. 2002b; Butt et al. 2004) . It is well established that the ECM to which breast cancer cells are exposed changes with tumour progression, with more advanced tumours seeing more fibronectin, which is associated with a poor prognosis (Ioachim et al. 2002) . In vitro studies have shown that increased exposure to fibronectin versus laminin or collagen switches IGFBP-3 from acting as a growth inhibitor and inducer of apoptosis to a survival factor and growth promoter (McCaig et al. 2002b ). These studies indicate that for breast cancer at least an understanding of the stage of tumour progression and hence the tumour microenvironment is of criticial importance to ensure that epigenetic reactivation of IGFBP-3 would actually be beneficial and negate tumour growth and survival. A further level of complexity is faced when considering tumour heterogeneity that greatly influences the efficacy of cancer treatments. Considerable variation exists between tumours (intertumoural heterogeneity) in different individuals, even those of similar phenotype in the same tissue: in addition to this however it has gradually become clear that there is also considerable heterogeneity within individual tumours and heterogeneity between the primary tumour and metastatic lesions within any cancer patient (see review ). Breast cancers can be present for many years prior to diagnosis and the normal mutation rate combined with acquired genetic and epigenetic instability result in inevitable intratumoural heterogeneity; subsequent treatments and dissemination to secondary sites with differing local environments than add differential selection pressures to the multiple clones. Massively parallel sequencing of breast cancers have confirmed that primary tumours can be comprised of multiple genetically diverse clones and that metastatic lesions may differ from the primary in their genetic repertoire (Ng et al. 2015) As a consequence, even if re-expression of IGFBP-3 were effective in treating the majority of a tumour, if a sub-clone existed that was resistant to IGFBP-3 or on which IGFBP-3 had positive effects then these cells may have the capacity to repopulate the tumour and this could then result in a more resistant and aggressive cancer. Such issues of intratumoural heterogeneity explain why many targeted therapies only provide months of respite before resistance develops; but this is of especial concern for IGFBP-3 that in some contexts could actually promote a more aggressive behaviour of some cells.
Summary
DNA methylation of IGFBP-3 may be a potential marker of disease stage and the potential of the tumour to exhibit a more aggressive phenotype. Furthermore, the frequency of IGFBP-3 promoter methylation is significantly lower in normal tissue compared with tumour samples which may support the notion that methylation of the IGFBP-3 promoter could be a potential marker of malignancy. Epigenetic manipulation of IGFBP-3 may be a potential way forward in the management of certain cancers.
